Although the physiological functions of phytochrome A (PhyA) are now known, the distribution of endogenous PhyA has not been examined. We have visualized endogenous PhyA apoprotein (PHYA) by immunolabeling cryosections of pea tissue, using PHYA-deficient mutants as negative controls. By this method, we examined the distribution of PHYA in different tissues and changes in its intracellular distribution in response to light. In apical hook cells of etiolated seedlings, PHYA immunolabeling was distributed diffusely in the cytosol. Exposure to continuous far-red (cFR) light caused a redistribution of the immunolabeling to the nucleus, first detectable after 1.5 hr and greatest at 4.5 hr. During this time, the amounts of spectrally active phytochrome and PHYA did not decline substantially. Exposure to continuous red (cR) light or to a brief pulse of red light also resulted in redistribution of immunolabeling to the nucleus, but this occurred much more rapidly and with a different pattern of intranuclear distribution than it did in response to cFR light. Exposures to cR light resulted in loss of immunolabeling, which was associated with PHYA degradation. These results indicate that the light-induced intracellular location of PHYA is wavelength dependent and imply that this is important for PhyA activity.
INTRODUCTION
The phytochrome family of plant photoreceptors regulates various molecular and cellular processes of plant development in response to the light environment . Phytochromes are soluble chromoproteins that convert photoreversibly between two spectrally distinct forms when sequentially absorbing red (R) and far-red (FR) light, and this interconversion occurs immediately both in vivo and in vitro (Butler et al., 1959) . Phytochromes are encoded by a small gene family (phytochrome genes PHYA to PHYE in Arabidopsis; Sharrock and Quail, 1989; Clack et al., 1994) . Studies with mutants deficient in specific phytochromes have shown that phytochrome A (PhyA) and phytochrome B (PhyB) have distinct action spectra for the photoinduction of seed germination (Shinomura et al., 1996) and distinct fluence and wavelength requirements for expression of the chlorophyll a / b binding protein gene ( CAB ) (Hamazato et al., 1997) . The fundamental molecular basis for these differences is of great interest but has not been elucidated. Recent genetic and molecular analyses have defined differences in PhyA and PhyB activities with respect to interacting factors and signaling intermediates. Those studies suggest that PhyA and PhyB signals are transduced by overlapping signal transduction pathways (Deng and Quail, 1999) .
To complement such approaches, one must also consider the ways in which the concentration, photochemical activity, and localization of each phytochrome are regulated in tissues and cells (Pratt, 1994) . In tissues, this regulation may affect the transmission of the light signal from the site of photoperception to the responsive organ. An analysis of the way in which photoreceptors are redistributed within the cell in response to light treatment may provide information about the early steps in signal transduction (Sakamoto and Nagatani, 1996; Yamaguchi et al., 1999) . The distribution of phytochrome in plants has been analyzed previously by various methods, including spectrophotometry (Furuya and Hillman, 1964) , microbeam irradiation (Haupt, 1970) , immunochemistry (Pratt, 1994) , and techniques using reporter genes (Komeda et al., 1991; Adam et al., 1994 Adam et al., , 1996 Somers and Quail, 1995) . Each of these techniques has certain advantages and limitations (see Pratt, 1994; Nagatani, 1997) .
Several early immunochemical studies used anti-phytochrome antibodies for immunohistochemical visualization of the phytochrome apoprotein in situ. In etiolated monocot seedlings, phytochrome was found to be most abundant in the apex and was also detected in the apical cells of roots (Pratt and Coleman, 1971, 1974) . In etiolated seedlings of dicot species, phytochrome was most abundant in the subepidermal cortical cells of the hook region in etiolated seedlings of pea and soybean (Saunders et al., 1983; Cope and Pratt, 1992) . Phytochrome was also detectable in the ovular tissue in the developing embryo of peanut (Thompson et al., 1992) . The subcellular localization of phytochrome was also examined in several of these studies. In completely etiolated seedlings, phytochrome appeared to be diffusely distributed throughout the cytosol (Pratt and Coleman, 1974) . When etiolated seedlings were briefly exposed to R light, the phytochrome became localized to small areas within the cytosol (Mackenzie et al., 1975) . However, these findings must be reexamined with methods that detect phytochrome unambiguously and discriminate among the different phytochrome species.
Reporter protein techniques provide one convenient approach for investigating the distribution of proteins in vivo. For example, translational fusions with ␤ -glucuronidase (GUS) or the green fluorescent protein (GFP) have been widely used to examine the subcellular localization of various proteins (Restrepo et al., 1990; Chalfie et al., 1994) . This technique has been applied in the study of phytochrome distribution by Sakamoto and Nagatani (1996) , who fused fragments of Arabidopsis PhyB apoprotein (PHYB) to a GUS reporter protein in transgenic Arabidopsis plants. Histochemical staining of GUS activity indicated nuclear localization of the fusion protein. More recently, a phenotypic analysis of transgenic Arabidopsis plants expressing a fusion of full-length Arabidopsis PHYB and GFP showed that the fusion protein was both spectrally and biologically functional in vivo and accumulated in the nucleus in a lightdependent manner (Yamaguchi et al., 1999) . A parsley PhyA apoprotein (PHYA)-GFP fusion transiently expressed in parsley protoplasts was constitutively cytosolic (Kircher et al., 1999a) , whereas both biologically active rice PhyA-GFP and tobacco PhyB-GFP expressed in transgenic tobacco plants showed nuclear import dependent on the quality of the light (Kircher et al., 1999b) .
Because GFP fluorescence does not require any cofactor or substrate, it can be used to observe the subcellular localization of fusion proteins in vivo. However, during such fusion protein studies, one often has to use a strong, nonnative promoter, such as cauliflower mosaic virus 35S, to detect clear labels from the reporter. This introduces the possibility that the distribution of the reporter labeling may differ from that of the authentic protein (Fukuda et al., 1997; Kircher et al., 1999a) . Moreover, the stability of the reporter protein may differ from that of the target protein, so that the effect of rapid turnover of the target protein may not be detectable (Li et al., 1998) . In contrast, immunohistochemical and immunocytochemical techniques allow direct examination of the native distribution of endogenous proteins. To date, however, these techniques have not been used for specific phytochromes, largely because of the requirement for both phytochrome type-specific monoclonal antibodies and the corresponding phytochrome apoprotein-deficient mutants to serve as negative controls.
In this study, we have analyzed the tissue-specific distribution and subcellular localization of PHYA in etiolated wildtype pea seedlings by using immunohistochemical analysis and monoclonal anti-phytochrome antibodies (Nagatani et al., 1984 (Nagatani et al., , 1987 Abe et al., 1985; Lumsden et al., 1985; Shinomura et al., 1996) and the PHYA-deficient fun1-1 (FR unresponsive) mutant (Weller et al., 1997) as a negative control. Our results definitively demonstrate that native PHYA is redistributed to the nucleus in response to irradiation with continuous R or FR light. We also show that the kinetics of PHYA import and the pattern of distribution within the nucleus differ under R and FR light. mAP14, mAP16, mAP19, mAP22, mAP25, mAP28, mAP29, mAP30, mAP32, mAP33, mAP34, mAR07 a Immunogold labeling was observed using bright-field microscopy. Cryosections of the hook region of 5-day-old wild-type and mutant pea seedlings were treated with each of the monoclonal antibodies and gold-conjugated anti-mouse IgG. The immunogold labeling was enhanced by silver staining. ( ϩ ), label was detectable; ( Ϫ ), label was undetectable. b mAA, anti-Arabidopsis PHYA monoclonal antibody; mAP, anti-pea PHYA monoclonal antibody; mAR, anti-rye PHYA monoclonal antibody.
RESULTS

Specific Detection of PHYA by Immunohistochemical Techniques
From our library of anti-phytochrome antibodies, we tested 25 monoclonal anti-PHYA antibodies for immunogold labeling of cryosections from wild-type pea and the PHYA-deficient fun1-1 mutant. This test distinguished three groups of monoclonal antibodies (Table 1) . Nine monoclonal antibodies showed PHYA-specific binding in the wild type but not in the PHYA -deficient mutant ( fun1-1 ) on cryosections from the hook region of 5-day-old etiolated seedlings; moreover, all of these gave a similar staining pattern. The specificity of selected antibodies and reproducibility of the labeling were confirmed with a second mutant ( fun1-2 ; data not shown). Three monoclonal antibodies produced immunogold labeling in both the wild type and fun1-1 , although the intensity of the label of the wild type was stronger than that of fun1-1 tip ( Figure 2E ). Younger root cap cells were deeply stained, but newly developed cortex cells were only weakly stained, even though both cells are adjacent to the root apical meristem. In the cortex of the root, the region close to the meristem showed relatively strong staining, but the underlying region of cells undergoing vacuolization was distinguished by much weaker labeling. As occurred in the hook region of the epicotyl, an inner cell layer a few cells wide surrounding the vascular tissue was also deeply stained ( Figure 2G ). The vascular tissue itself was weakly stained with label. In all cases, no nonspecific immunogold labeling was detected in the fun1-1 mutant with the use of identical procedures for staining and observation ( Figures 2B, 2D , 2F, and 2H).
Light-Induced Changes in Subcellular Localization of PHYA
The immunofluorescence detection method also enabled us to detect PHYA within single cells by microscopy. This allowed us to investigate the effect of different irradiation conditions on the subcellular localization of PHYA. The distribution of FITC-labeled PHYA was examined by using fluorescent microscopy and Nomarski differential interference contrast images (Figures 3 to 5 ). The position of the nuclei in the images was determined by using Hoechst33258 label, which fluoresces at a wavelength distinct from FITC (Figures 3 to 5).
In apical hook cells of 5-day-old etiolated seedlings, PHYA was diffusely distributed in the cytosol ( Figure 3A) . However, when etiolated seedlings of the same age were exposed to continuous far-red (cFR) or continuous red (cR) light, a strong PHYA-associated FITC labeling appeared in the nucleus ( Figures 3J, 3K , 4G, and 4H). At that time, FITC labeling in the cytosol was still detectable. However, the kinetics of this redistribution differed under cFR ( Figure 3 ) and cR (Figure 4) light. Under cFR irradiation, the FITC labeling only became distinct in the nucleus after 1.5 hr (Figures 3G and 3H) and gradually accumulated in the nucleus over the next 3 hr ( Figures 3J and 3K) , the nuclear accumulation of PHYA being greatest after 4.5 hr ( Figure 3J ) and remaining at that level after 6 ( Figure 3M ), 12 ( Figure 3P ), and 24 hr (data not shown) of exposure to cFR light. In contrast, under cR irradiation, FITC labeling formed many speckles throughout the cytosol after 1 min ( Figure 4A ) and continued through 5 min ( Figure 4D ), at which time some FITC labeling appeared around the nuclei ( Figures 4A, 4B , 4D, and 4E). Accumulation of FITC labeling within the nucleus was first obvious as many small speckles after 10 min in cR light (Figures 4G and 4H) , and a similar distribution was observable at 20 min (data not shown), 0.5 hr (Figures 4J and 4K) , and 1.5 hr (data not shown). At this time, FITC labeling showed relatively uniform distribution in the cytosol (Figures 4G and 4J) . The FITC labeling in both the nucleus and the cytosol of etiolated seedlings decreased after the first 1.5 hr of cR irradiation. Weak labeling was still visible as a few speckled in all cases. The remaining 13 monoclonal antibodies did not show any label bound to the sample sections. On the basis of these results, we selected the anti-PHYA antibody mAA01, raised against Arabidopsis PHYA, for use in all subsequent experiments because it showed the greatest affinity for PHYA in the cryosections.
Detection of PHYA in Developing Seedlings Grown in Darkness
We first monitored the increase in immunochemically detectable PHYA during germination of pea seeds in darkness ( Figure 1 ). PHYA-associated fluorescein isothiocyanate (FITC) labeling was not detectable in embryos for the first 12 hr after the onset of imbibition ( Figure 1A ). During this time, no morphological or histological signs of germination were apparent. By 24 hr, a faint FITC labeling was observable in the hook region of the germinating embryo ( Figure 1B ). The intensity of FITC labeling was stronger but still relatively weak after 48 hr of imbibition, and some variation in intensity of the labeling was seen among sections from different plants (data not shown). At this time, the radicle was Ͻ 10 mm long and the plumule had not yet emerged from the seed coat. At 72 hr, the intensity of FITC labeling in the hook region had increased markedly ( Figure 1C ). In these seedlings, epicotyls were ‫ف‬ 8 mm long, and roots extended between 20 and 45 mm. Uneven distribution of PHYA among different tissues within the epicotyl was clearly observed during the period from 72 to 120 hr ( Figures 1C and 1D ). Using an identical procedure for immunostaining and the same period of exposure with the charge-coupled device camera, we detected no nonspecific fluorescence in the fun1-1 mutant ( Figures 1I to 1L ).
Tissue-Specific Distribution of PHYA in Etiolated Seedlings
To examine the distribution of PHYA in different organs and tissues of 5-day-old etiolated seedlings, we used immunogold labeling (Figure 2 ). Immunogold labeling (which was enhanced with silver) was abundant in primary leaves and decreased toward the apical meristem ( Figure 2A ). The intensity of immunogold labeling was stronger in the epidermis than in the mesophyll and was weaker in vascular tissue in leaves (Figure 2A ). In the epicotyl hook, the epidermis and inner abutting cells were stained more deeply than other regions ( Figure 2C ). The immunogold labeling decreased in intensity toward the inner side of the cortex. Although xylem was not stained, a cell layer a few cells wide surrounding the vascular tissue was deeply stained ( Figure 2C ). This included the innermost layer of the cortex, the endodermis, the pericycle, and phloem elements.
In roots, the greatest intensity of immunogold labeling was observed in the root cap and the epidermis of the root forms after 4.5 hr of cR light ( Figure 4M ) but was undetectable after cR light exposures of 6 ( Figure 4P ) or 12 hr (data not shown).
We also examined the effects of shorter irradiations with R or FR light on the subcellular change of PHYA distribution. In 5-day-old etiolated seedlings returned to darkness after irradiation with a 5-sec pulse of R light, the nuclear localization of FITC labeling showed kinetics similar to those seen in seedlings maintained under cR (Figure 4) . However, no marked change of subcellular localization of FITC labeling was detected at 1.5 and 6 hr after 1 or 10 min of FR irradiation. Once again, no nonspecific FITC labeling fluorescence was detected in the fun1-1 mutant when identical procedures for staining and observation were used (data not shown).
We also examined the intranuclear distribution of PHYA, using confocal laser scanning microscopy ( Figure 5 ). Different distribution patterns of PHYA were observed in nuclei under cR or cFR light. FITC labeling was present in the cytosol of cells from dark-grown plants ( Figure 5A ). After 0.5 hr of cR irradiation, the FITC labeling appeared within the nucleus as many small speckles (Figures 5D and 5E) . At that time, a few speckles of the FITC labeling were also apparent in the cytosol ( Figure 5D ). In contrast, after 0.5 hr of cFR irradiation, weak FITC labeling and only a few speckles were observed in nuclei ( Figures 5J and 5K ). After 4.5 hr under cR light, only a few speckles remained in both the nuclei and the cytosol ( Figure 5G ). However, FITC labeling could be detected in nuclei after 4.5 hr under cFR light ( Figures 5M and  5N ). We observed a relatively uniform pattern of FITC labeling ( Figure 5M ), unlike the conspicuous speckling seen under cR light ( Figure 5D ). At the times when the nuclear accumulation was significant, FITC labeling in the cytosol was also detectable ( Figure 5M ).
Protein Gel Blot Analysis and Spectrophotometric Measurement in Vivo
To assess the effect of these light treatments on the relative amount of PHYA, immunoblotting and spectrophotometric measurements were taken. In the apical 2 to 3 cm of the epicotyl, the amount of PHYA detectable by immunoblotting did not change substantially during 12 hr of cFR irradiation ( Figure 6A ). However, the quantity of PHYA in the same area of the epicotyl gradually decreased during 0 to 4.5 hr of cR irradiation; after 6 hr, the label was undetectable ( Figure 6A ). On the basis of serial dilution of extracts, we estimated that after 4.5 hr of cR irradiation, seedlings contained Ͻ 5% of the amount of PHYA seen in dark-grown seedlings. In contrast, the amount of PHYA did not change substantially during 4.5 hr of cFR irradiation ( Figure 6B ). Consistent with these observations, we also found that there was no significant loss of photoreversible phytochrome in comparable apical segments taken from seedlings exposed to cFR for 4 hr, whereas a marked decrease in the amount of photoreversible phytochrome was detected after 4 hr of cR irradiation (Table 2) .
DISCUSSION
Immunochemically Specific Detection of PHYA
Many previous studies have reported tissue or subcellular localization of phytochrome by immunostaining. In most of these studies, however, the particular molecular species of phytochrome that were stained could not be clearly defined (Pratt, 1994) . The one exception to date is the report of the nuclear localization of PHYB (Sakamoto and Nagatani, 1996) in which a PHYB-deficient mutant was used as a negative control. In the earlier studies, the antibodies most likely reacted mainly to PHYA (Nagatani, 1997) , because this is the predominant species of phytochrome in dark-grown plants (Somers et al., 1991; Nagatani et al., 1993; Weller et al., 1997) . However, artifactual staining can often occur during the immunostaining process, and study of a mutant specifically deficient in the antigen in question is crucial to evaluate the specificity of the antibodies.
We have used a PHYA-deficient pea mutant ( fun1-1 ) as a negative control to distinguish PHYA-specific immunolabeling from nonspecific binding of antibody and to thereby select PHYA-specific monoclonal antibodies (Table 1) . We confirmed the reproducibility of the labeling with two different staining procedures, immunogold and immunofluorescence (Figures 1 and 2) , and applied this technique to investigate the localization of PHYA both at the tissue level and within the cell.
Tissue-Specific Distribution of PHYA in Etiolated Seedlings
Because phytochrome is a soluble protein (Butler et al., 1959) , methods of sample preparation for immunohistochemical staining should minimize the potential for movement of the phytochrome during the assay (Pratt and Coleman, 1974) . Therefore, we adopted a cryosectioning method in fresh tissue. Rapid freezing of the specimen after sampling ensured that the antigen was immediately stabilized in ice. An additional advantage of this method is that sections are cut prior to fixation with aldehyde, which allows the fixation to be completed much more quickly than when intact tissue is used. A third advantage of the cryosectioning method is that it eliminates several steps needed for paraffin or plastic sectioning (dehydration with organic reagent, infiltration into plastic embedding material, and heat treatment for polymerization of the embedding material), which could potentially interfere with antigenicity (Boonstra et al., 1987) . We have, therefore, assumed that this method allows detection of PHYA in its original location and without the loss of antigenicity.
The content of PHYA in cells of the epicotyl hook reached an immunohistochemically detectable level 24 hr after the onset of imbibition (Figure 1 ). This is consistent with previous findings that the content of PHYA in crude extract from pea embryonic axes increases during imbibition in darkness . Those authors reported a 30-fold increase over the first 12 hr of imbibition and, on the basis of ELISA results, estimated the quantity at 12 hr to be ‫ف‬ 0.2 mg per axis of PHYA. In our study, we first detected FITC labeling associated with PHYA in the hook region of the germinating embryo after 24-hr imbibition ( Figure 1B) , with an increased label detected after 72 hr ( Figure 1C ). This indicates that the content of PHYA continued to increase between 12 and 72 hr. Synthesis of photoreversible phytochrome has been observed in germinating pea axis (McArthur and Briggs, 1970) . Therefore, the increase in PHYA content revealed by immunostaining is very likely to truly reflect the synthesis of spectrally active PhyA.
In 5-day-old etiolated seedlings, PHYA was present in young leaves (Figure 2A) , in the hook region of the epicotyl ( Figure 2C) , and in the root tip ( Figures 2E and 2G) . Almost all cells that we observed were stained to some extent, except for xylem elements, although the intensity of staining varied considerably. This distribution corresponds to that reported for spectrophotometrically detectable phytochrome in 3-day-old etiolated pea seedlings (Furuya and Hillman, 1964) . Given a lack of evidence that any substantial quantity of nonchromophoric phytochrome is present, the pattern of PHYA distribution revealed by immunostaining very likely truly reflects the distribution of spectrally active PhyA in those organs.
The preferential distribution of PHYA in the epidermis of young leaves, the epicotyl hook region, and root tips ( Figure  2 ) is also partially consistent with other previous reports, but some differences are apparent. For example, in tobacco, phytochrome was observed in the stem epidermis when tissue prints were immunostained (Jordan et al., 1995) , whereas in dark-grown pea and soybean, phytochrome was not detected in the epidermis of the apical hook, except in the guard cells (Saunders et al., 1983; Cope and Pratt, 1992) . In dark-grown seedlings of monocots, phytochrome was detected in epidermal cells of the lower region of the coleoptile and primary leaves in some tribes (Pratt and Coleman, 1971, 1974) . The reason for these differences is not known, although radically different patterns of phytochrome distribution in the shoots of different grass tribes had been previously reported (Pratt and Coleman, 1974) . However, other studies suggest that light perception in the epidermis may play an important role in modulating elongation growth. For example, in pea, phytochrome regulation of stem elongation may occur partly through modulation of the amount of indole-3-acetic acid in the epidermis (Behringer and Davies, 1992) . Also, the elongation response of maize epidermal cells to cFR irradiation is different in the coleoptile and mesocotyl, and this difference is correlated with differences in the light-regulated reorganization of actin microfilaments (Waller and Nick, 1997) .
A layer surrounding the vascular tissue-comprising the innermost layer of the cortex, the endodermis, the pericycle, and phloem elements-was deeply stained in the hook region of the epicotyl and the root tip ( Figures 2C and 2G ). This observation also has some precedent. Endogenous phytochrome was detected in vascular tissue of tobacco stems by immunodetection on tissue prints (Jordan et al., 1995) . When PhyA was overexpressed in the vascular ring, which corresponds to phloem and the surrounding companion cells, a dwarf phenotype was elicited that was related to a reduction in gibberellin concentrations (Jordan et al., 1995) . This finding was interpreted to suggest that PhyA acting in the vascular tissue might regulate stem elongation by way of affecting gibberellin metabolism or transport (Jordan et al., 1995) . Our observations are consistent with the possibility that photoregulation of stem elongation may occur in the epidermis and the vascular tissue. Because PHYA is also clearly present in the epidermis and the vascular tissue of the root tip, perhaps it has a similar role in controlling root growth.
Among all tissues examined, immunogold labeling was greatest in the root cap ( Figure 2E ). In etiolated grass seedlings, a high concentration of phytochrome was also observed in the root cap (Pratt and Coleman, 1971, 1974) . In pea, photoactive phytochrome in the root apex was detected by spectrophotometry (Briggs and Siegelman, 1965) , and in dark-grown seedlings of tobacco and Arabidopsis, a PHYA promoter fused to the GUS gene was strongly active in the root tip (Adam et al., 1994; Somers and Quail, 1995) . In maize, PHYA1 mRNA was abundant in the root cap, and its expression was downregulated by very-low-fluence R light (Johnson et al., 1991) . These data all show that PHYA is synthesized and accumulates in the root tip, including in the cap. Several other observations suggest that the immunochemically detectable PHYA in the root tip is likely to be physiologically active. In maize, light-induced gravitropic curving in roots is a very-low-fluence response, occurring in response to R, FR, or blue light (Feldman and Briggs, 1987) . This response, which is very similar to other very-low-fluence responses that are known to be mediated by PhyA (Shinomura et al., 1996) , strongly implies that PhyA has a role in roots. Many aspects of root development are regulated by light, including root extension, geosensitivity, and lateral root production (Furuya and Torrey, 1964) ; moreover, in species that show light sensitivity in the root, the region of light perception lies within the root cap (Feldman, 1984) . Light-regulated changes in mRNA expression and in the activities of proteins within the root cap have also been reported (Feldman et al., 1988) . Therefore, we speculate that the root cap might be one of the sites within the root that is sensitive for PhyA activity.
Finally, we observed that in general, PHYA was more abundant in tissues at an early stage of differentiation than in the meristematic region. For example, primary leaves gave a relatively weak immunogold labeling, which became even weaker toward the meristematic region (Figure 2A ). In the root, the apical meristem was also more weakly stained than was the root cap and epidermis in the root tip ( Figure  2E ). In previous reports, phytochrome has been shown to be most abundant in relatively young, rapidly expanding cells recently derived from meristems, rather than in meristems themselves (Pratt, 1994) . Meanwhile, in the area adjacent to the meristematic region in the root, the younger root cap cells were deeply stained, but the newly developed cortex cells were weakly stained ( Figure 2E ). These observations, together with the heterogeneous distribution of PHYA in various tissues, suggest the possibility that the different phytochrome content in different tissues and cell types is established at an early stage of differentiation.
Light-Regulated Nuclear Import of Phytochromes
FITC labeling associated with PHYA is uniformly distributed throughout the cytoplasm in hook cells of 5-day-old pea seedlings kept in complete darkness ( Figure 3A) . A uniform cytoplasmic distribution of immunochemically detectable phytochrome has been reported previously for etiolated seedlings of several species (Pratt, 1994) . When 5-day-old etiolated pea seedlings are exposed to cFR or cR irradiation, however, the FITC labeling in the hook cells appears in the nucleus, and the kinetics of this appearance differ according to the light treatment (Figures 3 and 4) . This striking change in localization is not associated with a marked change in the amount of detectable PHYA on immunoblots (Figure 6) . Thus, the decrease of PHYA in the cytoplasm after irradiation does not reflect enhanced degradation of the protein, and the appearance of PHYA in the nucleus is not the result of enhanced synthesis. Therefore, we suggest that detectable PHYA in the nucleus must reflect import to the nucleus in response to exposure to cFR or cR irradiation. In the period during which nuclear accumulation of PHYA was visible, FITC labeling was still detectable in the cytoplasm ( Figures 3J, 3M, 3P, 4G, and 4J) . Therefore, apparently a subpopulation of PHYA is not translocated to the nucleus, or some of the PHYA imported to the nucleus is subsequently exported-or both.
Of the three major differences between the effects of cFR and cR irradiation on the subcellular localization of PHYA, the first concerns the time at which nuclear accumulation is maximal. Time-course experiments show that nuclear localization under cR illumination is maximal after 10 to 30 min of exposure to cR light ( Figure 4G ) and is still visible after 1.5 hr (data not shown). In contrast, under cFR light, the nuclear localization of PHYA becomes evident only after 1.5 hr and reaches a maximum after 4.5 hr (Figures 3G and 3J) .
The second difference concerns the distribution pattern of the PHYA in the nucleus at the time of maximum labeling. After 10 to 30 min of exposure to cR irradiation, FITC labeling was visualized as very dense speckling in the nucleus and somewhat less dense staining in the cytoplasm (Figures (A) PHYA was detected by immunoblotting in wild-type seedlings after light treatment. Five-day-old etiolated seedlings were exposed to cR light (top) and cFR light (bottom) for 0.5, 1.5, 4.5, 6, or 12 hr. The shoot apex region was harvested for protein extraction. Lanes were loaded with 10 g of protein.
(B) Extracts from seedlings irradiated for 0 hr (top), 4.5 hr in cR light (center), and 4.5 hr in cFR light (bottom) containing 10 g of protein were serially diluted with 4 volumes of extraction buffer (final concentration per extract 2 g of protein). All experiments were conducted with mAA01. 4G, 4J, and 5D). At that time, the FITC labeling under cFR light showed cytoplasmic distribution, and only a few speckles were detected in the nucleus (Figures 3D and 5J ). In contrast, after 4.5 hr of cFR exposure, FITC labeling showed a relatively uniform pattern of distribution with few speckles in the nucleus (Figures 3J and 5M) . By that time, the FITC labeling under cR light was much reduced, although a few speckles were still visible ( Figures 4M and 5G ); they were undetectable after 6 hr under cR ( Figure 4P ). We did not characterize the speckling in more detail. However, its appearance was clearly dependent on light and, therefore, may represent an important event in the fate of PHYA after phototransformation.
The third difference between the effects of cFR and cR light exposure was the stability of PHYA. Nuclear accumulation of PHYA was clearly visible for at least 12 hr under cFR light ( Figure 3P ) without substantial changes in the quantity of detectable PHYA visible on the immunoblot (Figure 6 ) or of photoreversible phytochrome (Table 2 ). However, PHYA was visible in neither the nucleus nor the cytoplasm after exposure to 6 hr of cR light (Figure 4) . The amounts of detectable PHYA on immunoblots ( Figure 6 ) and of spectrally photoreversible phytochrome (Table 2) had decreased by that time. Therefore, we conclude that the loss of PHYA-associated FITC labeling under cR light resulted from enhanced degradation of the apoprotein. These observations are consistent with studies on oat, in which phytochrome also became gradually undetectable by immunostaining during cR irradiation (Mackenzie et al., 1978) , and with many previous reports of FR light-absorbing phytochrome (Pfr)-specific degradation of PhyA (Clough et al., 1999) . However, the site at which PHYA is degraded is still not determined. From our results, we speculate that degradation occurs either in both the nucleus and the cytosol or only in the cytosol, in which case nuclear PHYA would be exported before degradation.
Furthermore, the phenomenon of sequestering, in which phytochrome rapidly associates with amorphous cytoplasmic structures after a brief treatment with R light (Mackenzie et al., 1975) , has been speculated to be an early step in degradation of the photoreceptor (Pratt, 1994) . In our study, FITC labeling was visualized as very dense speckling and subsequently decayed in both the nuclei and the cytoplasm under cR light. Further examination is necessary to determine whether the speckling has the same structural basis in both the nucleus and the cytosol, whether it corresponds to the previously reported phenomenon of sequestering, and whether it is involved in PHYA degradation.
The kinetics of the nuclear redistribution of the FITC label in response to a brief R light pulse were very similar to those seen in response to cR. In contrast, brief FR light treatments given to dark-grown seedlings caused no substantial change in the localization of FITC labeling. These observations are consistent with the suggestion that the change in subcellular localization of phyA may be dependent on its conversion to Pfr. Both cR light and pulses of R light are equally effective for photoconversion, whereas a pulse of FR light is predicted to produce only a very low proportion of Pfr. However, detailed analyses of fluence and fluence-rate dependence will be necessary to determine whether differences in effectiveness for photoconversion of PhyA in R and FR light can account for differences in its subcellular redistribution. Kircher et al. (1999b) recently reported that a single 5-min pulse of R or FR light followed by 15 min of darkness was sufficient to induce detectable nuclear accumulation of rice PhyA-GFP in transgenic tobacco. The authors observed speckling of the GFP signal in the cytoplasm within 2 min of pulse irradiation. The GFP signal was subsequently seen as dense speckling in the nucleus under both cR and cFR light and was visible in the cytosol under cR but not cFR light (Kircher et al., 1999b) . The rice PhyA-GFP fusion protein also showed a strong speckled distribution in nuclei of lightgrown transgenic tobacco (Kircher et al., 1999b) . These results differ from ours in the kinetics, distribution pattern, and protein stability under cR and cFR irradiation. Some of these differences may reflect different behaviors of monocot and dicot PhyA. They may also, in part, relate to differences in the protein detected (native PHYA versus overexpressed GFP fusion) and in the detection method (immunostaining with FITC label in sections versus reporter protein of GFP in living cells).
There is also strong evidence that PhyB undergoes lightinduced nuclear import. A biologically active Arabidopsis PhyB-GFP fusion protein localized to the nucleus in transgenic Arabidopsis under cR light (Yamaguchi et al., 1999) . R light pulses induced nuclear localization of biologically active tobacco PhyB-GFP in transgenic tobacco, but this was reversible by exposure to FR light (Kircher et al., 1999b) . In addition, important amounts of endogenous PhyB are detected in nuclei isolated from light-grown Arabidopsis leaves (Sakamoto and Nagatani, 1996) as well as from light-grown pea seedlings (A. Nagatani, unpublished result). Fusion proteins between spectrally inactive C-terminal fragments of PHYB and GUS localize to the nucleus, suggesting the existence of a functional nuclear localization signal in the PHYB sequence (Sakamoto and Nagatani, 1996) . Although such a signal has not been conclusively identified, some putative signals are present. These same putative signals are also present in the PHYA sequence (Nagatani, 1997) .
The light stimuli that elicit nuclear localization of PhyA (cFR) or PhyB (cR) also result in partial deetiolation of etiolated seedlings through the high-irradiance response mode (Hartmann, 1966; Mancinelli, 1994) . Individual responses include inhibition of stem elongation, expansion of cotyledons and true leaves, and induction of some photosynthetic genes. Analysis of phytochrome mutants has shown that the cFR light-induced responses are mediated almost entirely through PhyA, whereas the responses to cR light are mainly mediated through PhyB . Hence, perhaps both PhyA and PhyB enter the nucleus to induce these responses. In accordance with this, structural/functional analyses of mutated PhyA and PhyB suggest common signal transduction mechanisms for those two major phytochrome species Ni et al., 1998) . It is intriguing that the kinetics of the light-induced nuclear import of PHYA ( Figure 4 ) and those of PhyB (Yamaguchi et al., 1999) are very similar, although the former are elicited with FR light and the latter with R light. This prompts speculation as to whether another common mechanism regulates the nucleo/ cytoplasmic partitioning of these phytochromes.
On the other hand, R light induces nuclear translocation of both PHYA and PhyB-GFP, but nuclear accumulation of PHYA (Figure 4 ) reaches a maximum earlier than does that of PHYB (Kircher et al., 1999b; Yamaguchi et al., 1999) . During the time in which PhyB-GFP accumulates in the nuclei in cR light, PHYA becomes undetectable (Figure 4 ) as a result of degradation ( Figure 6 and Table 2 ). Recently, Parks and Spalding (1999) reported the sequential and coordinated action of PhyA and PhyB during stem elongation of Arabidopsis under R light. We speculated that the sequential physiological response might be related to the different time kinetics of nucleo/cytoplasmic partitioning of these phytochromes. Additionally, nuclear localization of PhyA-GFP was induced by both R and FR light, in contrast with the R light-induced nuclear localization of PhyB-GFP, which could be reversed by subsequent FR irradiation (Kircher et al., 1999b) . We showed here that nuclear localization of PHYA is detectable by shorter irradiations with cR ( Figure 4 ) than with cFR (Figure 3 ) light. Furthermore, we observed different distribution patterns and stability of PHYA under cR and cFR light (Figures 3 to 5 ). These observations indicate the possibility that phytochrome species-specific and light stimuli-specific regulating mechanisms may exist. Regulated nuclear translocation of signaling proteins with the appropriate stimulation has been observed in eukaryotes, including plants, and mechanisms have been identified that control this activity (Nagatani, 1998; Smith and Raikhel, 1999) .
Recently, phytochrome-interacting molecules have been isolated by using the yeast two-hybrid assay, and their subcellular localization has been investigated. One such protein, PKS1 (for phytochrome kinase substrate 1), which binds to both PhyA and PhyB, is a kinase substrate phosphorylated in a phytochrome-dependent manner, which is supposed to be a negative regulator of PhyB signaling. PKS1-GFP fusion proteins are cytoplasmic (Fankhauser et al., 1999) . Another molecule, PIF3 (for phytochrome-interacting factor 3), which also binds to both PhyA and PhyB, is a basic helix-loophelix protein and potential transcriptional regulator; it is indispensable for normal signal transduction of phytochrome. PIF3 is suggested to have nuclear localization activity (Ni et al., 1998; Halliday et al., 1999) . More recently, a phytochrome-interacting molecule, NDPK2 (for nucleoside diphosphate kinase 2), has been reported to have a kinase activity and is involved in the response of both PhyA and PhyB. NDPK2-GFP fusion proteins are localized in both the nuclei and the cytoplasm (Choi et al., 1999) . Considering the lightdependent subcellular partitioning of phytochrome and its possible interaction with those molecules in the cytoplasm or the nucleoplasm, phytochrome may have multiple sitespecific signaling mechanisms within the cell.
METHODS
Plant Material and Growth Conditions
Seeds of wild-type pea (Pisum sativum cv Torsdag) and the isogenic phyA-deficient mutants fun1-1 and fun1-2 (for far-red unresponsive; Weller et al., 1997) were imbibed in water for 6 hr in darkness and grown on vermiculite saturated with water at 23ЊC in darkness.
Light Treatments
Five-day-old etiolated seedlings were exposed to continuous far-red light (cFR) or continuous red (cR) light for various lengths of time. After light treatment, plants were immediately cryoembedded for immunostaining or frozen in liquid nitrogen for immunoblotting. R light was obtained from fluorescent tubes (FL-20S Re-66; Toshiba, Tokyo, Japan) filtered through 3-mm-thick red acrylic (Acrylight K5-102; Mitsubishi Rayon, Tokyo, Japan), 3-mm-thick scattering filter (Acrylight K5-001E; Mitsubishi Rayon), and 3-mm-thick white glass. The light intensity measured at 660 nm was 55 mol m Ϫ2 sec Ϫ1 . FR light was obtained from fluorescent tubes (FL-20S FR-74; Toshiba) filtered through 3-mm-thick FR acrylic (Deraglass A-900; Asahi Kasei, Osaka, Japan) and 3-mm-thick white glass. The light intensity measured at 750 nm was 42 mol m Ϫ2 sec Ϫ1 .
Preparation of Antibodies
We used 21 monoclonal antibodies raised against pea PhyA apoprotein (PHYA)-mAP05 (Nagatani et al., 1984) ; mAP09 (Lumsden et al., 1985) ; mAP10 (Abe et al., 1985) ; mAP13, mAP14, mAP16, mAP18, mAP19, mAP20, mAP21, mAP22, mAP23, and mAP25 (Nagatani et al., 1987); mAP28, mAP29, mAP30, mAP31, mAP32, mAP33, mAP34, and mAP35 (Nagatani et al., 1984) -two monoclonal antibodies raised against rye PHYA-mAR07 and mAR08 (Nagatani et al., 1987) -and two monoclonal antibodies raised against Arabidopsis PHYA-mAA01 and mAA02 (Shinomura et al., 1996) . For the initial screening, culture supernatants of the hybridomas were used. For subsequent experiments, the Arabidopsis anti-PHYA IgG mAA01 was prepared from ascites fluid.
